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 i 
ABSTRACT 
 
Queensland has a public road network of 175, 000Km that is made up of both flexible and 
rigid pavement types. These pavements are usually designed for a life expectancy of 
approximately 20 years; however, the presence of poor subgrades can influence both the 
durability and life of these pavements. The Department of Main Roads, Toowoomba often 
uses cement and lime stabilisation to improve the bearing capacity and/or stability of 
pavement materials and the commonly found Darling Downs “black soil”. There are 
numerous guides and design manuals available to assist designers with the design of 
stabilised pavements. Over the past 50 years there has been a lot of research into 
stabilisation; however, problems still exist and research is ongoing.   
 
In recent times problems associated with cement stabilisation have been overcome by using 
supplementary cementitious materials such as fly ash and slag. The incorporation of slow 
setting cementitious materials has improved the workability and apparent shrinkage of 
cement stabilised materials. There are numerous sources of literature available to assist 
designers with the selection of the most appropriate supplementary cementitious material.  
 
Investigations of lime stabilised black soil in Dalby, Queensland were carried out to 
determine the effects of delayed testing and to determine if Hilf Density Testing is a viable 
method for inclusion in future Queensland Main Roads specifications. Both Dry Density 
Testing and Hilf Density Testing were carried out over a 48 hour period. In addition to 
density testing investigations, the main aim of the project was to find whether there was a 
strength gain relationship for lime stabilised black soils. Following the mixing of lime into 
the subgrade Dynamic Cone Penetrometer testing was conducted on 7 sites over a period of 
24 hours.  
 
The current industry conception that delayed testing will provide a lower density value has 
been shown to be incorrect. The relative dry density ratio of lime stabilised soils actually 
increases with time.  Furthermore, density testing results have shown that Hilf Density 
Ratios are +/- 1.5% of relative dry density results. Results from Dynamic Cone 
Penetrometer testing have indicated that lime stabilised black soils can generally be 
expected to achieve in excess of California Bearing Ratio 15 within 5 hours of final 
compaction.   
 
It is suggested that research should be continued into the determination of a strength gain 
relationship for lime stabilised black soils. It is also recommended that further work be 
carried out to determine whether insufficiently compacted lime stabilised black soils are 
susceptible to lime leachate damage.  
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1. INTRODUCTION 
 
Australia is the sixth largest nation in land mass after Russia, Canada, China, the United 
States of America and Brazil. However, it only has a relatively small population of 20 
million people, which is spread over 7.6 million square kilometers of land. Australia has a 
road network of over 800, 000Km with its major cities being linked with 16, 000Km of 
national highway. Because of its vast land mass and small population the Australian road 
systems play a vital part in the livability of our cities and rural communities. It is essential 
that we have good road systems to provide the safe and efficient transportation of goods 
and services throughout the country. It also provides a valuable network for the movement 
of people and for the protection of our country.  
 
 
Figure 1 Australian National Highway System 
Source : http://en.wikipedia.org/wiki/Image:NationalHighways.png 
 
The Australian terrain varies from sandy stony deserts to rocky mountainous ranges. In 
addition to this Australia has varying climate zones. The climate zones range from arid to 
semiarid, to temperate in the south, to tropical in the north. Therefore, road pavement 
designs have to be unique to cater for Australia’s variable terrain and climatic conditions.  
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Queensland has a public road network of 175, 000Km spanning over 173 million hectares 
of country. Queensland roads are made up of both flexible and rigid pavement types. These 
pavements are designed to cater for varying traffic volumes, subgrade types and axle loads. 
New pavements are usually designed for a life expectancy of approximately 20 years; 
however, a lack of funding can seriously influence the quality of the pavement designs.   
 
We are all familiar with pavement failures such as rutting, fatigue cracking, pot holes and 
depressions in the roads within our cities and rural communities. There are numerous 
factors which may contribute to these defects, some of which are:  
• Poor drainage 
• High traffic flows 
• High wheel loading 
• Low pavement/sub-grade CBR values 
• Pavement/sub-grade which are excessively sensitive to changes in 
moisture content 
• High permeability of pavement/sub-grade materials 
 
Technical solutions to preventing or minimizing pavement failures include incorporating a 
geotexile membrane above the sub-grade, improving adjacent roadside drainage, installing 
sub soil drainage, installing a drainage layer below the pavement, increasing the pavement 
thickness or by stabilising the pavement and/or sub-grade. This project focuses on solutions 
using stabilisation of the pavement or subgrade.  
 
“Stabilisation is a process that improves the load-bearing capacity and/or stability of a 
material” (Austroads 1998). The following stabilisation agents are commonly used for 
pavement stabilisation: lime, cement, blended cementitious materials, bituminous materials, 
proprietary chemicals or granular materials. 
 
Stabilisation of road materials dates back to the early periods of the 20th Century when the 
United States first trialed the use of cement, bitumen and other chemicals in soil 
stabilisation. However soil stabilisation was not used in Europe due to professionals 
believing their roads were adequate for the current number, speed and load of vehicles.  
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Therefore it was not until there was an increase in motor vehicle traffic in the 1930’s that 
the concept of pavement stabilisation gained acceptance. Soil stabilisation continued during 
the second world war when the participating countries used tar and cement for their airports 
and runways. During the last period of the 20th Century there was a great deal of research 
conducted into stabilisation processes and into the design and construction of pavements.  
 
 
Figure 2 Lime Stabilisation : Slaking of Quicklime 
 
With the continual increase in traffic, vehicle and axle loads and tyre pressures there is a 
need for increased pavement strength and durability. In addition to this there is increasing 
environmental awareness that local sources of aggregates and soils are diminishing and 
diminishing gravel resources need to be carefully used. This can be achieved by recycling 
available materials and modifying the properties of materials which may be of an inferior 
quality so that they can be incorporated in the pavement structure. With the improvement of 
current plant and equipment for stabilisation works there is more accuracy and control than 
ever before over the mixing, spreading and compaction of materials. A deficiency in the 
order of 10% in either density or thickness in bound layers could lead to a decrease in 
performance in the order of 90% (Austroads 1998). In Australia most of the pavement 
stabilisation is carried out with cementitious, lime or bituminous stabilising agents.  
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2.  CEMENT STABILISATION  
2.1 PROBLEM 
 
Cement stabilisation can be a low cost alternative in pavement design. It is usually suited to 
materials which have a PI of less than 10 where more than 25% of the material passes the 
75µm sieve and to material’s which have less than 25% passing the 75µm sieve. It can 
improve a materials moisture susceptibility, strength and elastic modulus. This can allow 
materials with deficient strength characteristics to be successfully incorporated in pavement 
design, thereby reducing the quantity or requirement to use superior pavement materials 
and hence reducing the pavement cost. The use of cement in stabilisation can provide 
problems due to its short initial setting time and hence short time available for compaction, 
shaping and trimming. If such a problem occurs it can contribute to a poor riding surface, 
poor compaction of the material and a tendency for the pavement to shrink and cause 
reflective cracking in the pavement’s wearing course. However reflective cracking may be 
minimised with the incorporation of geotexile materials and other interlayers within the 
pavement.    
 
The utilization of cement stabilisation in Queensland pavements boomed about 20 years 
ago. Since their construction many of the pavements have cracked, therefore leaving 
Queensland road authorities with the high maintenance task of crack repairing, and 
frequently the subsequent premature reconstruction of pavements. This has influenced the 
practice of using General Purpose Portland Cement alone as a stabilisation agent. Road 
authorities have moved towards using either General Purpose Blended Cements or using 
supplementary cementitious materials in pavement stabilisation. The incorporation of slow 
setting cementitious materials such as fly ash and slag improve the workability of the 
cement stabiliser by increasing the initial and final set times and reducing the degree of 
apparent shrinkage.      
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2.2 LITERATUE REVIEW 
2.2.1 CEMENTS 
 
There are a variety of cements available in the industry and they are classified as General 
Purpose Cements and Special Purpose Cements. The cements that are primarily used in 
stabilisation works are General Purpose Cements and they are General Purpose Portland 
Cement (GP) and General Purpose Blended Cements (GB).   
 
2.2.1.1 General Purpose Portland Cement 
GP Cement “is a hydraulic cement which is manufactured as an homogeneous product by 
grinding together Portland cement clinker and calcium sulphate, and which, at the 
discretion of the manufacturer, may contain up to 5% of mineral additions” (AS3972) 
 
2.2.1.2 General Purpose Blended Cement  
GB Cement is a “hydraulic cement containing Portland cement and a quantity comprised of 
one or both of the following: 
a Greater than 5 % of fly ash or ground granulated iron blast furnace slag, or both. 
b Up to 10% silica fume.” (Austroads 1998) 
 
2.2.2 SUPPLEMENTARY CEMENTITIOUS MATERIALS 
 
When substituted with GP cement supplementary cementitious materials can extend setting 
times, hence allowing more time for compaction, shaping and trimming.   
 
2.2.2.1 Fly Ash 
Fly Ash is a by-product from the burning of black coal in the electricity generation 
industry. It is a pozzolanic material and requires activation from lime. Bottom ash is also 
produced during the burning process but generally represents about 10% of burnt ash.  
 
Fly ash from brown coal has yet to be used as a binder for a stabilised pavement.  
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2.2.2.2 Ground Granulated Blast Furnace Slag (GGBFS) 
GGBFS is a by-product from the manufacture of iron. It is a pozzolanic material which 
requires activation from lime or the lime formed in the hydration of cement.  
The minimum quantities required for activation are : 
• 20% GP cement 
• 10% hydrated lime 
2.2.3 CEMENTIOUS REACTIONS 
 
There are primary reactions that occur immediately with the addition of water to 
cementitious agents and secondary reactions which proceed slowly with time.  
 
The primary reaction that occurs is that of hydration. Cementitious materials are formed 
from the hydration process and they are hydrated silicates and aluminates and calcium 
hydroxide. The hydration process releases hydrated lime which causes secondary reactions 
with the pozzolanic particles. These reactions are similar to that of lime.  
2.2.4 SLAG/CEMENT AND FLY ASH/CEMENT  
 
Pavements treated solely with cement have typical working times of approximately 2 hours. 
Supplementary cements such as fly ash and slag can increase the workable time of cement 
stabilised pavements and can help to reduce shrinkage cracks. Blends using fly ash, slag 
and lime usually have working times of up to 4 times that of straight cement. Triple blends 
using slag, fly ash and cement or lime usually have working times of up to 8 hrs. There are 
economical benefits to using supplementary cementitious materials but the costs can be 
affected by the proximity of the material source and blending plant to stabilising plant 
(Vorobieff, 1997).  
 
Various investigations have been conducted to compare the performance of supplementary 
cementitious materials in General Purpose Blended Cements. It has been found that slag 
can be ‘slightly more efficient [as a] replacement product in a blended cement in terms of 
strength development’ (Smith and Hansen (2003)). Hence, if a higher proportion of cement 
is replaced with slag for strength characteristics then this will give longer working times. 
Smith and Hansen (2003) also found that “Shrinkage is not a important factor in any 
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selection criteria for the most appropriate GB Cement for stabilisation works”. The degree 
of “shrinkage is determined by the nature of plastic fines in the pavement and … the 
addition of cementitious products actually reduces shrinkage”.  
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2.3 METHODOLOGY 
Upon allocation of the project topic in February 2005, a board literature review on 
stabilisation was conducted. Material was initially sourced from work colleagues within the 
Northern Territory Government. The background to the project topic was discussed with 
the project supervisor and a project specification was prepared and accepted early in 
semester 1.   
 
Some problems were encountered when the literature review search was narrowed down to 
cement/slag and cement/fly ash stabilisation. Advice from the Engineering and Surveying 
Librarian was sought for using the University of Southern Queensland library database 
search engines. Two papers investigating the performance of both slag/cement and fly 
ash/cement blends were found on the library database. In addition to these papers, it was 
found that there were already design guides available for using supplementary cementitious 
materials such as slag and fly ash in stabilisation.  
 
AustStab and Queensland Main Roads were contacted during the literature search. 
AustStab believed that there was already enough material available on the topic and it was 
recommended that the project topic be changed. Advice from the Toowoomba Office of 
Main Roads received a similar response to that of AustStab. It was decided that the slag/fly 
ash issue could have been resolved if Toowoomba Office had had a Pavement Engineer at 
the time.  
 
The possibility of a research topic about the field control testing of lime stabilised 
pavements and involvement in the upcoming Dalby lime stabilisation project was initiated 
by David Christain, Main Roads Pavement Engineer. The Southern District of Main Roads 
was currently experiencing problems with lime stabilised pavements with regards to getting 
low and variable relative dry density results. Hence, the project topic and specification were 
revised in consultation with the project supervisor. An additional literature search and 
review about lime stabilisation was conducted.   
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3.0 LIME STABILISATION 
3.1 PROBLEM 
 
“Lime is an effective additive for plastic soils improving both workability and strength. It is 
not effective in cohesionless or low cohesion materials without the addition of pozzolanic 
additives” (Austroads 1998).  Lime stabilisation is usually suited to materials which have a 
plastic index greater than 10. Lime stabilisation in roadworks is achieved with hydrated 
lime (calcium hydroxide Ca (OH)2) or quicklime (calcium oxide CaO).  
 
Because lime stabilisation is well suited to high plastic cohesive materials it is often used 
by the Department of Main Roads, Toowoomba to improve the workability and strength of 
the commonly found Darling Downs “black soil”.  Although road authorities are now 
comfortable with the design and application of lime stabilisation there is a lack of 
understanding in regards to the field testing and early determination of strengths. Main 
Roads specifications currently require sand replacement testing to be done for lime 
stabilised subgrades to determine the field dry density. The field samples are required to be 
oven dried to determine the field moisture contents. Therefore relative dry density results 
are usually not available until the next day. Main Roads also requires sampling of the lime 
stabilised soil to occur at the commencement of final compaction. Laboratory testing to 
determine the maximum dry densities and optimum moisture contents is to be carried out 
within 2 hours of sampling. In some instances this is not possible. It may not be feasible to 
have a site laboratory to conduct the testing, the resources may not be available to conduct 
the laboratory testing as well as the field testing or maybe the section being lime stabilised 
is too large to complete the testing within a 2 hour timeframe. Therefore laboratory testing 
is often conducted outside the two hour timeframe.  
 
There have been numerous instances in Main Roads Lime Stabilisation Projects where a 
deficiency of 5% of relative dry density has occurred, therefore not meeting the contract 
requirements. Due to the frequency of this situation occurring, it is difficult for the Main 
Roads Engineers to definitely say that the contractor has not achieved the required 
compaction. It is uncertain whether a delay in laboratory testing may contribute to the 
relative dry density deficiency. In conjunction with Queensland Main Roads this project 
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will seek to investigate and evaluate the current lime stabilisation conformance testing and 
possibly make a recommendation for future conformance testing.    
CHAPTER 3.2      LIME   -    LITERATURE REVIEW 
 
PAGE 11 
3.2 LITERATURE REVIEW 
 
The term “lime” can refer calcium carbonate (agricultural lime), calcium hydroxide (slaked 
or hydrated lime) and calcium oxide (quicklime and dolomitic). Agricultural lime is 
generally a finely ground limestone which is suitable for soil amendment but it is not 
chemically active enough to be effective for soil stabilisation. Lime stabilisation in 
roadworks is achieved with quicklime, dolomitic lime, and hydrated lime. ‘Lime is usually 
produced by calcining limestone or dolomite, but it also may be produced as a by-product 
of some industrial processes such as the production of acetylene’ (Rollings 1996).  If 
Calcium hydroxide and calcium oxide lime are exposed to the air for prolonged periods 
they can both revert back to calcium carbonate.   
 
Quicklime 
Quicklime (CaO) is formed by heating limestone, calcium carbonate (CaCO3) at high 
temperatures until carbon dioxide is driven off.   
CaCO3 + Heat (~1315°C) → CaO + CO2       
Quicklime can be manufactured in varying sizes from quite fine to very coarse. Some of the 
different types available are Lump Lime, Pebble Lime, Granular Lime and Pulverised lime 
(Little 1995).  
 
Quicklime has a high heat of hydration (∆ H = -15.6 kcal/mol) which makes it difficult to 
handle and store. In humid climates it may be necessary to slake the lime immediately to 
from hydrated lime. It is of a caustic nature and must be handled with caution because it 
will corrosively attack equipment and can cause severe skin burns (Ingles and Metcalf, 
1972).   
 
Dolomitic Lime  
Dolomitic lime (CaO.MgO) is formed by heating dolomitic limestone (CaCO3.MgO) at 
high temperatures.  Dolomitic lime contains 35-46 percent magnesium carbonate.  
CaCO3.MgCO3  +  heat (~1315°C) → CaO.MgO + CO2       
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Hydrated Lime 
Hydrated lime (Ca (OH)2) is a fine dry powder and is formed by the addition of water 
(slaking) to quicklime (CaO) or dolomitic lime (CaO.MgO). 
  CaO + H2O  → Ca(OH)2 + Heat     
 Or CaO.MgO + H2O  →  Ca(OH)2.MgO or Ca(OH)2.Mg(OH)2 + Heat  
Hydrated lime is less sensitive to humid climates and therefore makes handling and storage 
easier than with quicklime. However, prolonged exposure can still cause skin irritations to 
personnel.   
3.2.1 REACTIONS 
 
There has been a lot of work done to understand the processes of lime stabilisation and it is 
now accepted that small amounts of lime modify the properties of soils through a rapid rate 
process of ion exchange and flocculation. Rapid pozzolanic reactions may also occur 
during the process. These reactions cause a reduction in the PI and volumetric change 
which improves the workability and shear strength of the soil. Soil modification can 
expedite the construction process and is often used in wet conditions when it is necessary to 
dry out saturated materials, to bridge across poor subgrade soil or to provide a stable 
working platform for construction machinery. However the soil improvements may be short 
term and may be reversible when subjected to changes in moisture content. The main 
distinction between soil-lime modification and soil-lime stabilisation is that generally no 
structural credit is accorded to the lime-modified layer in highway design, such as a 
reduced pavement thickness (Little 1995). 
 
If there are sufficient amounts of calcium and pozzolans available in the soil then the soil 
will continue to gain strength though the stabilisation process. The silica and alumina 
particles only become available for pozzolanic reactions to occur in high pH environments. 
Therefore there must be a sufficient amount of lime still available after soil modification to 
elevate the pH to 12.4. The pozzolanic reactions are slow and permanent but will continue 
to take place while there are sufficient quantities of lime and pozzolans available. These 
reactions improve the durability of the material and increase the flexural, tensile and 
compressive strengths of the bound layer. A densely bonded matrix is less susceptible to 
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moisture, and has improved resistance to carbonation, leaching of lime or erosion (Main 
Roads Testing Protocol). 
3.2.1.1 Pozzolanic Reactions 
“A pozzolan is defined as a finely divided siliceous or aluminous material which in the 
presence of water and calcium hydroxide will form a cemented product. The cemented 
products are calcium-silicate hydrates and calcium-aluminate hydrates” (Little 1995) 
 
The following equations represent the pozzolanic reactions: 
 
Ca++ + OH- + Soluble Clay Silica → Calcium Silicate Hydrate (CSH) 
Ca++ + OH- + Soluble Clay Alumina → Calcium Aluminate Hydrate (CAH) 
3.2.2 DESIGN  
 
The percentage of lime required to reduce the plasticity index and improve workability (soil 
modification) is known as the ‘Lime Fixation’ percentage. The ‘Lime Fixation’ percentage 
is the maximum percentage of lime which causes a change in the plasticity index. Beyond 
this percentage no further change in plasticity index will occur.  
 
The Department of Main Roads, Queensland currently use the Lime Demand Test to 
establish whether a soil is reactive to lime and to determine the amount of lime required to 
‘satisfy cation exchange and short term reactions’ (Main Roads Testing Protocol). The long 
term reactivity and durability of the soil is further assessed by conducting 28 day 
Unconfined Compressive Strength Testing. Long Term Reactivity is determined by 
calculating the Unconfined Compressive Strength at Lime Demand minus the Unconfined 
Compressive Strength at zero percent lime. A soil in considered non reactive when this 
value is less than 0.35 MPa and reactive when greater or equal too 0.35MPa (Main Roads 
Testing Protocol). The optimum lime content is established from the Unconfined 
Compressive Strength verses lime content plot. The peak value is determined as the 
optimum lime content and generally an additional 1% of lime will be added in the field to 
account for variations in mixing and losses.  
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3.2.3 COMPACTION 
In the book “Stabilisation of Pavement Subgrades and Base Courses with Lime” (1995), 
Professor Dallas Little states that “[compaction] is the most easily controlled variable since 
testing procedures are well established”. He continues saying that if there are problems 
encountered with reaching specified densities then “recalibration of the testing equipment is 
suggested”.  
 
3.2.4 DELETERIOUS MATERIALS 
The presence of deleterious materials such as organic matter and sulphates can respectively, 
interfere with the hydration process and pozzolanic reactions. For stabilisation to be 
effective the sulphate content (water soluble), and organic content must be equal to or less 
than 0.3% and 1% respectively.   
 
Organic molecules ‘can absorb calcium cations or interact with soil exchange sites and 
hence prevent them form reacting with the soil as they normally would to produce cation 
exchange and pozzolanic reaction’ (Little 1995). Lime stabilisation relies on an increase in 
the pH of the soil for pozzolanic reactions to occur. Depending on the type and amount of 
organic material present in the soil it may retard or completely inhibit the change in pH 
(Sherwood 1993). Lime stabilisation of soils with greater than one percent of organic 
materials may still be possible with the addition of higher percentages of lime.   
  
Any sulphates that are present in the soil or water can be harmful to the lime stabilisation 
process due to the formation of calcium-sulphate-aluminate-hydrate crystals which can 
result in a volumetric increase of over 200 percent of that of the original constituents (M&R 
Rollings 1996). Calcium-sulphate-aluminate-hydrate crystals continue expanding even after 
they come into contact with other particles, unlike calcium silicate hydrates and calcium 
aluminate hydrates which cease expanding. If calcium-sulphate-aluminate-hydrate crystals 
form after compaction it can destroy the pavement because it will result in heaving of the 
stabilised layer (Little 1995).   
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3.2.5 CLAYS 
Three of the main types of clay minerals that are found in Australian soil are Kaolinite, 
Illite and Montmorillonite. Kaolinite is a low plastic clay and tends to be a non-swelling.  
Illite is a expansive clay of medium plasticity and low permeability. The most active of the 
three clays is Montmorillonite which is highly expansive, highly plastic and is extremely 
impermeable. ‘Lime reacts more quickly with Montmorillonitic clays than with Kaolinitic 
clays: the difference may amount to a few weeks (Ingles and Metcalf, 1972). The addition 
of lime will improve soil properties such as plasticity index reduction in Montmorillonitic 
clays however, this may not occur in Kaolintic clays. X-ray diffraction testing can be used 
as a method to determine whether a soil is suitable for lime stabilisation as it identifies the 
percentages of clay minerals present in a soil.    
 
3.2.6 PERMEABILITY 
Research work that has been conducted by McCallister & Petry (1990) has found that the 
permeability of some lime reactive soils will tend to initially increase upon lime treatment. 
The initial increase will then usually be followed by a decrease in permeability, although it 
will often remain significantly higher than the level prior to lime treatment. However it has 
also been shown that curing may have a positive effect on permeability. Together, curing 
and ongoing pozzolanic reactions can decrease the permeability of some lime stabilised 
soils. In some instances the permeability will decrease to approximately that of the natural 
soil (Little 1995). 
 
McCallister & Petry (1990) did some research on three lime treated North Central Texas 
soils and found that the permeability of the soils were 7 to 300 times higher than the natural 
soils. They also found that upon leaching the permeability decreased when the percentage 
of lime was low (3% – 4%). However when the lime content was at optimum for strength 
gain (6% – 7%), the affect on permeability upon leaching was insignificant (McCallister, L. 
D. and Petry, T. M., 1990).  
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3.2.7 A REVIEW OF LIME STABILISATION IN QUEENSLAND 
 
The stabilisation of subgrades with lime is not a new innovation. The Ipswich City Council 
extensively used lime stabilisation in roadworks for many years from the 1950’s to 1970’s. 
Subgrades were often lime stabilised due to the absence of suitable pavement materials 
occurring naturally within the old Ipswich City Council boundaries (Cook 2000). 
 
The Queensland Department of Main Roads extensively trialed lime stabilisation in 
roadwork’s until the late 1970’s when it fell from favour.  One of the projects that brought 
about the downfall of lime stabilisation in the Border District was the Gladfield project. 
Following the failed project no further lime stabilisation was conducted in the Border 
District between 1978 and 1996. Another failed project which was conducted in the same 
era was the Peninsula District, Palmerston Highway project.  
 
The design of the lime content during this era was based on the Lime Fixation Percentage. 
Current research into lime stabilisation has found that the Lime Fixation method grossly 
underestimates the percentage of lime actually required for stabilisation. The lime 
percentages applied during the late 70’s were probably only enough to promote soil 
modification. Leaching of the lime during wet conditions would have rapidly reversed any 
soil improvements.    
 
Research into lime stabilisation was not again conducted in Queensland until after the 1996 
Transport Technology Forum. A steering committee was formed to review past lime 
stabilisation projects and to oversee the design and performance of two new trial projects 
near Warwick, Queensland. The steering committee consisted of representatives from 
Industry, Local Government, Transport Technology and Border District.  
 
The paper ‘Update on Lime Stabilisation’, written by Peter Evans reports on the design and 
performance of the Killarney Project and the design of the Freestone Creek to Eight Mile 
Intersection Project. Evans reports on the performance of the Freestone Creek to Eight Mile 
Intersection Job in a later paper, ‘Update on Lime Stabilisation 1997/98’. At the time of 
Evan’s 1998 paper coming to print, the Technology and Environment Division were 
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commissioning a review into the research project to determine whether it had been a 
success.     
 
3.2.7.1 The Killarney Project 
 
Two laboratory methods were investigated prior to deciding on the lime percentage for the 
Killarney Project. The first method investigated was the Lime Fixation Method. Data 
showed that 3-4% of lime was required to stabilise the soil’s plastic limit. Data from the 
second method, the Eades and Grim Method showed that 4 percent of lime was required to 
reach a pH of 12.4 and 8 percent was required to stabilise the pH level.  
 
Due to perceived risks the Queensland Department of Main Roads had specified the use of 
hydrated lime for the project. However, after negotiations between the principal and the 
contractor the use of quicklime was eventually approved. During the application of the 
quicklime no incidents occurred. Field staff noted that quicklime did not cause the dust 
problems which were previously encountered with using hydrated lime.   
 
Sections of the project were trialed with concentrations of 3 to 6 percent quicklime in an 
effort to determine the actual lime demand percentage. After 9 months of monitoring by the 
steering committee the following conclusions were made:  
 
• Lime stabilisation was an effective method for expediting the construction process 
during wet conditions.  
• There was a noticeable difference in appearance and insitu CBR between the 3% 
and 6% lime stabilised sections. The 6% quicklime section had an insitu CBR of 
almost triple that of the 3% stabilised section.  
 
On publication of Evan’s paper the steering committee proposed to continue performing 
deflection testing on the pavement and monitoring its long term performance. CBR values 
of the sections are to be monitored as well as the development of pozzolanic crystals within 
the pavement.  
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3.2.7.2 Freestone Creek to Eight Mile Intersection  
 
The Freestone Creek to Eight Mile Intersection project consisted of widening a 4km section 
of the Cunningham Highway, 13 km from Warwick. Due to the presence of highly 
expansive clays it was necessary to provide a deep pavement to bridge over the poor 
subgrade. However, this was not feasible due to being constrained by the 300mm existing 
embankment. A more viable option was to lime stabilise the subgrade to a depth of 300mm.  
 
During the laboratory testing for this project comparisons were made between the Lime 
Fixation, Eades and Grim and Thompson methods. Both the Lime Fixation and Eades and 
Grim Methods demonstrated lime percentages that were considerably less than the 
Thompson Method. After applying the hydrated lime to quicklime conversion factor and 
allowing for losses, 8% quicklime was adopted in the design. A 20m section of subgrade at 
the Eight Mile end of the works was not stabilised so that comparisons could be made.    
 
Six weeks after the project was completed deflectometer testing was conducted on the 
pavement using a 40kN falling weight. Analysis showed that the modulus of the stabilised 
subgrade was significantly higher than that of the overlying base.  
 
Eight months following completion of the project some isolated cracking had occurred. The 
cracking extended from the mid point of the sealed shoulder to the edge line. The extent of 
the cracking had not yet been thoroughly investigated. However, it was thought to extend 
through the lime stabilised subgrade. Although undesirable, the cracking suggested that the 
application of 8% quicklime had resulted in a highly stabilised subgrade. 
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3.3 METHODOLOGY 
 
The expertise and involvement of the Herston staff from the Queensland Main Roads, 
Materials Section was confirmed on the 24th of May 2005. Management believed that it was 
necessary to investigate the problems associated with conformance testing of lime 
stabilised subgrades. The Dalby project was a good opportunity to do this. On the 23rd June 
2005 a testing program was received from the Manager of the Pavements and Materials 
Section. The lime stabilisation was scheduled to occur around 28th June to 19th July 2005.  
 
In addition to the Queensland Main Roads Laboratory testing a soil sample was arranged to 
be obtained for additional testing which might be required to be done at the University of 
Southern Queensland Laboratory. 
 
The Dalby Post Office recorded 147mm of rain between 12th and 30th June (Australian 
Bureau of Meteorology). On the 4th of July 2005 David Christain, advised “that due to site 
conditions the project was being decommissioned”. On the 14th of August it was advised 
that the lime stabilisation of the widening section would most probably not occur and a date 
for remobilisation was yet to be determined.  
 
In early August it was confirmed that the lime stabilisation of the widening section was 
back on the agenda. The lime stabilisation of the widening and full width sections were 
programmed to start on the 15th of August and late October. At this point in time the 
preliminary testing of the full width section was near completion and it was decided that 
preliminary testing of soil from the widening section would not be conducted.  
3.3.1 DALBY LIME STABILISATION PROJECT 
 
The township of Dalby is located on the junction of the Warrego and Bunya Highways, 
211Km North West of Brisbane. Dalby and its surrounding areas are situated in some of the 
richest black soils of the Darling Downs. Although the black soil has excellent properties 
for farming and agricultural growth they are unfavorable as a pavement subgrade.  
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Figure 3 Queensland Main Roads – Southern District 
Source: http://www.mainroads.qld.gov.au 
 
The presence of the black soil and poor drainage has contributed to pavement failures on 
the Warrego Highway, 11Km east of Dalby. The Warrego Highway is a National Highway 
and this section falls under the jurisdiction of the Southern District of the Queensland 
Department of Main Roads. A $5.3 Million project was awarded to RoadTek (Asset 
Services) to reconstruct and widen a 3.8 kilometre section of the Warrego Highway. The 
pavement width will be upgraded from 9 to 11 metres. The subgrade of both sections are to 
be stabilised with 4.5% quicklime. In the original contract design both sections were to be 
stabilised to a depth of 300mm, however the depth of the widening section was reduced to 
250mm post contract award. The widening section is to have the existing pavement cut 
back to a width of 7.8m and the subgrade lime stabilised at a width of 3.1m.    
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Figure 4 Typical Pavement Section – Widening 
 
3.3.2 PRELIMINARY TESTING 
 
In early July the insitu subgrade material was sampled from the project site in Dalby by 
RoadTek Consulting testing personnel. On the 14th, 15th and the 22nd of July 2005 and the 
9th of August 2005 preliminary testing was carried out by Main Roads personnel at the 
Main Roads testing Laboratory in Herston, Brisbane. Although preliminary testing was 
carried out prior to the design of the project, the Herston Staff believed that it should be 
conducted again to verify that the insitu material was suitable for lime stabilisation and to 
ensure that the percentage of lime specified was adequate. Preliminary testing was only 
carried out on material from the full width section. This was due to Herston Staff being told 
that the Main Roads Project Staff were seriously considering not lime stabilising the 
subgrade material in the widening section. 
 
Preliminary testing conducted prior to the stabilisation process included : 
 
 Grading - Q103A Particle Size Distribution (Wet Sieving) 
   - Q103C  Particle Size Distribution (Hydrometer) 
 
 Atterberg Limits - Q104A  Five Point Liquid Limit (Cone Penetrometer) 
- Q105   Plastic Limit and Plastic Index 
- Q106   Linear Shrinkage 
 X-ray Diffraction -  QUT Method 
 Organic Content - Q120B Organic Control (Loss on Ignition) 
 Sulphate Content - Q131A  Sulphate Content of Soil and Water 
 Lime Demand -  Q133  Lime Demand Test 
 MDD -  Q110A Dry Density/Moisture Relationship – Stand Comp 
 MDD with Lime -  QXYZ Stabilising Agent Addition 
  - Q135B Curing of Moulded Specimens for Stabilised Mat.  
 pH Value - Q121 pH Value of Soil and Water 
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Samples for testing were prepared in accordance with Main Roads Test Method Q101. This 
involved using the rotary cone splitter (see fig 2.1a) to split the bulk sample into 6 smaller 
sub samples. The riffle (see fig 2.1b) was used to split the sub samples into the required 
sample weights. The samples were air dried or oven dried in accordance with the specified 
section of test method Q101.  
 
 
 
  Figure 5 Rotary Cone Splitter Figure 6 Riffle 
3.3.1.1 Q110A – 1996 Dry Density/Moisture Relationship – Standard 
Compaction  
 
The bulk sample was prepared in accordance with Section 3 of Test Method Q101.   
Approximately 15Kg of air dried material was firstly shredded using a shredding machine 
(see fig 2.2). The Rotary Cone Splitter was then used to sub divide the material into six 
portions weighing approximately 2.5Kg each. Due to the material being a black soil it 
contained minimal stones and aggregates and 100% of the material passed the 9.5mm sieve.  
 
The test method requires the optimum moisture content (OMC) to be straddled with at least 
2 samples being drier and one wetter. Due to this requirement four soil samples were 
prepared with moisture contents (MC) of 6%, 8%, 10% and 12%, plus an additional two 
were prepared at MC of 6% and 8%. The additional samples would be available for testing 
if one of the tests failed or if the OMC had not been straddled. Additional water (within 
reason) could be added to the extra samples to vary the moisture content. The samples were 
bagged and left to cure for 7days. 
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Note: No hygroscopic moisture content of the soil was taken for this test. The previously 
stated moisture contents were calculated from the air dried soil. 
 
Testing was conducted on the 4 prepared samples in the type A mould (105mm dia, 
115.5mm high) using a standard rammer to compact the soil in 3 equal layers with 25 
blows each. After the collar was removed from the mould excess soil was trimmed off the 
top and the mass of the mould and soil recorded. The soil was then removed from the 
mould and placed into a metal tray and weighted prior to being put into a 105°C oven. 
Once the moisture content was determined as per Test Method 102A the OMC could be 
calculated.      
 
The dry density/moisture relationship for the lime stabilised soil was determined in a 
similar fashion to that of the insitu soil sample, except that Test Methods QXYZ and 
Q135B were used for the addition of the stabilising agent and curing of the samples. The 
hygroscopic moisture content of the soil was tested and used to calculate the required mass 
of the hydrated lime for the test portions. The soil-lime samples were prepared with 6% 
hydrated lime which is equivalent to 4.5% quicklime. Six test samples were prepared 
within a moisture content range of 20-30%. The test samples were subsequently prepared 
for long term amelioration. Each soil-lime mixture was compacted in 40mm layers using 
one-half the standard compaction effort. The samples were bagged and placed in a 
temperature controlled room (95% relative humidity at 23±2°C) for 24 hours (Test Method 
Q135B). The remaining testing was then carried out as per that of the insitu soil sample.  
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Figure 7 Shredding Machine Figure 8 Mould A and a Standard Rammer 
    
3.3.1.2 Q104A – 1986 Liquid Limit (Cone Penetrometer)  
 
The soil sample was prepared in accordance with Test Method Q101. This involved sieving 
the soil over a 4.75mm and 425µm sieve. Any material retained on both of the sieves was 
ground with a motor and pestle until the soil passed the 425µm sieve.  NB: Any stones were 
disregarded. These steps were repeated until a sample of approximately 300g passed the 
425 µm sieve. Distilled water was then added to the soil in a mixing bowl until a stiff 
homogeneous paste was formed. Water was added until penetration of 9mm to 12mm was 
achieved with the Cone Penetrometer. Once this was achieved the sample was stored in an 
air tight container and allowed to cure for a minimum of 12 hours.  
 
After the soil had cured it was returned to the mixing bowl and remixed for a further 3 
minutes, this was to be also done after the addition of any water. When each sample was 
put in the test container no more than three strokes of the spatula were used to remove any 
excess soil. For each test the shaft was released to allow the cone to penetrate the sample 
for a period of 5 seconds. A total of five penetration values were recorded and they were 
ideally taken between 10 and 14.5mm (2), 14.5 and 16.5mm (1) and greater than 16.5mm 
(2).  When the penetrations were achieved within these ranges the reading was recorded to 
the nearest 0.1mm and the sample returned to the mixing bowl and remixed for a further 30 
seconds. The penetration test was repeated on the sample and when the 2 values were 
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within 1mm of each other the two values were averaged and this value used for the 
penetration of the sample. A representative sample was taken from each of the 5 tests to 
determine the moisture content (Q102). Each time a penetration was conducted the mixing 
bowl was covered with a damp cloth and the cone wiped clean.   
 
3.3.1.3 Q106-1989 Linear Shrinkage 
The Linear Shrinkage sample was taken during the Liquid Limit test when the penetration 
was between 14.5 and 16.5mm. The soil was then put into the mould while being careful to 
remove any air bubbles. Excess soil was then removed from the surface using not more 
than 3 half strokes of the spatula each way. The sample was then allowed to sit on top of 
the oven for a few hours prior to being put into a 45-50°C oven for two hours and then a 
105-110°C oven overnight.  
 
3.3.1.4 Q105-1987 Plastic Limit and Plasticity Index 
The method states that a 50g sample should be taken during the liquid limit test when the 
penetration is greater than or equal to 15.5mm. However because the material being tested 
was clay, a sample was taken from the cured sample prior to conducting the penetration 
testing. It was hoped that the material would have dried back enough after completing the 
liquid limit and linear shrinkage tests however the material was still too wet to roll a sample 
into ball between our hands. The sample was left for another few hours and then the test 
conducted.  
 
A sample of approximately 8 grams was rolled into a ball and then rolled between the 
fingers and a glass plate. The soil sample was rolled slowly reduced the thread diameter.  
When the thread crumbled prior to reaching 3mm then the soil was considered to be at the 
plastic limit. Rolling of the threads continued until an approximate weight of 10grams of 
soil reached the plastic limit. This process was repeated to obtain a second sample. The 
samples were then oven dried as per Test Method Q102 to determine the moisture content. 
The plasticity index was calculated by finding the difference between the liquid limit and 
the plastic limit.  
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3.3.1.5 Q121 – 1992 pH Value of Soil and Water  
The riffle was used to split the soil into a representative sample, the soil was then sieved 
over a 2.36mm sieve. The retained soil was then ground with the motor and pestle until 30g 
of material passed the 2.36mm sieve. The soil sample was then placed into a beaker and 
75mm of distilled water added. The mixture was then stirred using a magnetic stirrer and 
then the beaker covered and allowed to stand for 2 hours. The pH meter was calibrated 
using buffer solutions of pH4 and pH6.88. Readings of the soil mixture were taken using 
the pH meter in intervals of 1, 2 and 3 minutes, these readings were then averaged to 
determine the pH value.  
 
Figure 9 Magnetic Stirrer and pH tester 
3.3.1.6 Q103A – 1996 Particle Size Distribution (Wet Sieving) 
The bulk material obtained from using the Rotary Cone Splitter was further subdivided into 
a 500g representative sample using the riffle. The sample was then placed into a tray and 
soaked in Calgon Solution for 2 hours. Calgon solution is a dispersing solution which helps 
break up the clay material into finer particles. After the 2 hours of soaking the material was 
washed over a 75µm sieve. The retained material was then put back into the tray and put in 
the oven until the material dried to a constant mass. The oven dried sample was then sieved 
on the following sieve sizes: 9.5mm, 4.75, 2.36, 0.425mm and 0.075mm. The weights 
retained on each of the sieve sizes were then recorded.  
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Figure 10 Material retained on the 75µm sieve 
 
3.3.1.7 Q133 – 1988 Lime Demand Test 
A sample of quicklime from the projects contractor was delivered to the Herston 
Laboratory prior to conducting the Lime Demand Test. The quicklime was hydrated by 
adding water whilst in the fume cupboard. The hydrated quicklime was oven dried over 
night. The lime demand test was conducted using the oven dried hydrated quicklime.  
 
A sub-sample of 500 grams of air dried material, passing a 2.36mm screening sieve was 
prepared in accordance with test method Q101. A hygroscopic moisture content of a test 
portion of approximately 100 grams was obtained. The mass of the hydrated quicklime and 
soil was calculated for lime increments of 1 to 10% and 100%. The hydrated quicklime for 
each test portion was then put into individual beakers with 75mL of distilled water. The 
suspensions were mixed using a magnetic stirrer and then the beaker covered with a watch 
glass and allowed to stand for 2 hours.   
 
The pH meter was calibrated using 6.88 and 9.23 buffer solutions as per the instrument 
instructions. The pH of each of the soil-lime mixtures were recorded starting at the lowest 
lime content until the three highest pH values did not vary by more than 0.05 pH units. The 
pH values of these suspensions were recorded in 1 minute intervals whilst the magnetic 
mixer stirred the solution. This was continued until 3 successive pH values were in the 
range of 0.05 pH units. The average of the three pH values was taken as the pH value of the 
soil-lime mixture.       
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Figure 11 Soil and Lime Mixtures 
 
 
3.3.1.8 Q131A – 1992 Sulphate Content of Soil and Water 
 
Test method Q131A was conducted without the presence of the author. However, the 
following description summarises the procedure: 
 
Queensland Main Roads Method Q131A refers to AS1289.D2.1 – 1997 for the 
determination of the sulphate content of a natural soil. In accordance with the Australian 
Standards method a bulk sample of material is to be prepared in accordance with AS1289.1 
and dried in an oven not exceeding 80°C. A 100g sample is obtained by sieving the soil 
over 9.5mm sieve and then quartering. The 100g sample is then pulverized so that it passes 
the 425µm sieve. An approximate 10g sub-sample is then obtained by riffling the sample 
through a 7mm divider. The 10g sample is then to be placed in a glass bottle and dried at 
75-80°C until a constant mass is achieved. After cooling the soil is transferred to an 
extraction bottle and 150mL of distilled water is added. The suspension is made just acid 
by using indicator paper and adding hydrochloric acid. The suspension is then agitated for 
30 minutes in a shaker. After agitation the suspension is filtered through filter paper on the 
Buchner funnel using suction. The extraction bottle and soil are washed and the washings 
transferred to a filter funnel. The extract is then transferred to a 500mL beaker and the filter 
flask washed with distilled water. It is then added to the beaker to make a total volume of 
approximately 250mL. The extract is then tested with indicator paper and if necessary made 
slightly acid. The extract is then brought to boiling point and stirred whilst adding 25mL of 
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5 percent barium chloride solution drop by drop. The suspension is covered and kept hot for 
at least 1 hour. After 1 hour the suspension is allowed to settle and a few drops of barium 
chloride 5 percent of solution is added to clear the supernatant liquid and to ensure that 
there has been complete precipitation of the barium sulfate. The solution is then kept hot 
again but not boiling for 1 hour. The precipitate is then transferred to either a previously 
ignited and porous porcelain filter and ignition crucible or a filter paper in a glass funnel 
and filter. The precipitate is then washed several times with hot distilled water until the 
washings are free from chloride. The precipitate is then heated to approximately 800°C as 
per steps 5.4 (f) or (g). After heating, the mass of the precipitate is calculated. The sulphate 
present in the original soil sample is calculated using the formulas in step 6.    
 
3.3.1.9 Q120B – 1991 Organic Content of Soil (Loss on Ignition) 
 
Test method Q120B was conducted without the presence of the author. However, the 
following description summarises the procedure: 
 
A 50g oven dried sub-sample passing the 2.36mm sieve is to be prepared using a mortar 
and pestle in accordance with test method Q101 section 4.4; fine fraction sub-samples. A 
crucible is to be repeatedly heated in a furnace, cooled in a desiccator and weighted until a 
constant mass is attained. The mass is to be recorded to the nearest 0.0001 gram. A 5 gram 
representative sample is then placed in the crucible and weighed prior to being put in an 
furnace for 2 hours. The crucible is then cooled in the desiccator and weighed; recording 
the mass to the nearest 0.001g. The crucible is then returned to the furnace for another hour 
and the procedure repeated until a constant mass is attained. The organic content is then 
determined as per step 5 of the test method. This test is carried out for numerous sub-
samples until two samples do not differ by more than 0.45%.   
 
3.3.1.10 X-RAY DIFFRACTRION 
 
A sample of soil was sent to the Queensland University of Technology (QUT) for powder 
x-ray analysis.  
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3.3.2 FIELD CONTROL TESTING 
 
Prior to the lime stabilisation of the widening section there was a meeting held on Friday 
12th August, 2005 at the RoadTek Laboratory Office in Toowoomba. The Contractor, 
RoadTek (Asset Services) told the Herston Main Roads Staff that they would be starting 
the lime stabilisation of the left hand side (Toowoomba to Dalby) widening section on 
Monday and that final compaction would occur for the 1st section on Wednesday afternoon. 
The right hand side (Toowoomba to Dalby) widening section was programmed to occur in 
the last week of August and the full width section sometime late October. Brian Lo from 
the Main Roads Office in Herston explained that Main Roads were conducting an 
investigation into lime stabilisation testing because there was a problem with the dry 
density ratio being achieved. This was most probably related to the delay in collecting the 
field sample and performing the laboratory testing to determine the maximum dry density 
and optimum moisture content of the lime stabilised soil. The importance of conducting 
this testing within 2 hours of the start of final compaction was discussed between Brian and 
the RoadTek (Consulting) Testing personnel. Brian said that they were using this project to 
investigate this problem and to look at the possibility of writing Hilf testing into lime 
stabilisation contracts. Brian also discussed the scope of the investigative testing and what 
resources would be required. Herston Main Roads were effectively going to “piggyback” 
on the conformance testing which RoadTek (Consulting) were conducting. It was decided 
that the investigative testing would occur for the lime stabilisation of the first widening 
section and the full width section. Herston staff would be onsite Wednesday for the lime 
stabilisation of the first widening section.   
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Field Control Testing was to include:  
 
 Lime Content - Q719 Field Spread Rate of Solid Stabilisation Agents 
(Fabric Mat)   
 Mixing Uniformity -  Q134 Heat of Neutralisation for Stabilisation Agent 
Content 
  -  Q117A Lime Content of Lime Treated Material  
     (EDTA Tritration) 
 Compacted Density -  Q111A  Insitu Dry Density (Sand Replacement) 
  -  Q112 Relative Compaction of Soil    
     (Nuclear Density – Moisture Gauge) 
 Reference Density -   AS 1289.5.7.1 Hilf Density Ratio and Compaction Moisture 
Variation 
 Compaction -  Q111C Dry Density Ratio 
 Field UCS -  Q115 Unconfined Compressive Strength 
 
Additional testing conducted in conjunction with the Field Control Testing will include: 
 CBR - Q114B Insitu California Bearing Raito 
     (Dynamic Cone Penetrometer) 
 Moisture Content - Q102A Standard Moisture Content   
     (Oven Drying) 
 
On the afternoon of Monday 15th of August David Christain advised that the completion of 
the lime stabilisation had been brought forward and would occur the next day. There had 
been some confusion about the lime stabilisation process. RoadTek (Asset Services) 
thought that the lime stabilised subgrade had to be remixed and compacted 24hrs after the 
2nd application of quicklime, however this was not required. The mixing and light 
compaction on the 1st day of lime application was to initialize the soil modification process 
so that the black soil became friable, this allowing for final compaction to occur the next 
day. The 2nd application of lime would ensure that there was enough available lime for 
pozzolanic reactions to occur, i.e. soil stabilisation, there was no reason why final 
compaction could not occur the same day. Due to the short notice that final compaction 
would occur the next day, the Herston Main Roads Testing personnel were not available to 
come down to Dalby the next morning. They decided to postpone their investigative testing 
until the next widening section was to be lime stabilised. However, DCP and conformance 
testing were able to proceed.  
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3.3.2.1 Widening Section – CH  69450 to CH 72170 LHS (from 
Toowoomba to Dalby)  
 
The first 1400m of subgrade had the 1st application of 8.4kg/m2 of quicklime on Monday 
15th August 2005. The quicklime was slaked and the lime and soil were mixed to a depth of 
250 mm and lightly compacted. On Tuesday 16th August 2005 the 2nd application of 
8.4kg/m2 was spread and slaked with the water being applied from a water truck and then 
mixed to a depth of 250mm using the stabiliser. After the lime was mixed into the subgrade 
a grader evenly distributed the lime-soil prior to it being compacted. The rolling pattern 
consisted of 1 static and 2 heavy vibration passes with a 22 tonne sheepsfoot roller and 6 
passes with a 24 tonne multi tyre roller. The subgrade was trimmed prior to being rolled by 
the multi tyre roller.    
 
 
 
Figure 12 Slaking of the quicklime 
 
Figure 13 Mixing of the slaked quicklime 
into the subgrade 
 
The lime application rates were tested and verified to have been achieved by RoadTek 
(Consulting). Conformance testing was required to be done by RoadTek (Consulting) to 
verify that RoadTek (Asset Services) had achieved the required densities for the 
compaction of the lime stabilised subgrade. Samples of the lime-soil were taken at the start 
of final compaction. Testing personnel tried to complete laboratory testing to determine the 
maximum dry density and the optimum moisture content of the soil-lime test samples 
within 2 hours. In addition to field sand replacement testing, the testers were also required 
to perform Dynamic Cone Penetrometer (DCP) tests to a depth of 600mm. David Christain 
and the author chose 3 of the 7 test sites to perform 3 DCP tests to a depth of 600mm while 
the tester was conducting sand replacement tests. These DCP tests were also used by the 
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RoadTek tester for conformance testing purposes. The field moisture contents taken for the 
sand replacement tests would be used for the first 225mm. Samples were also taken at 
depths of 225-400mm and 400-600mm to determine the filed moisture contents. A second 
DCP test to a depth of 300mm was performed 30min – 90min after the first test; no 
moistures were taken. A third DCP test was performed the next morning. Soil samples were 
also taken to determine if there was any change in moisture content.   
 
The Main Roads testing protocol is to collect samples of the lime stabilised soil at the start 
of the final compaction, however there was some discussion on site regarding this protocol. 
Some personnel thought that as long as testing was conducted within the 2 hours of final 
compaction that it did not matter if the samples were collected post mixing and prior to the 
commencement of final compaction. Some of the laboratory samples were therefore taken 
in this fashion. During the stabilisation the author did not record the times for the 
commencement of mixing and final compaction. The times recorded for the start of the 
mixing are therefore only approximate. This was unfortunate since the RoadTek tester only 
recorded the time of sampling.  
  
On Tuesday there was only two testers available, one was conducting laboratory testing and 
the other field testing. Due to final compaction being completed so late in the day David 
Christian decided that as long as the laboratory testing was complete the sand replacement 
testing could be conducted the next day. His reasoning was that there would be no change 
in volume so this should not affect the dry density result. However, the morning after he 
thought about his decision further and thought that maybe he had made the wrong decision. 
He was not sure whether some of the moisture would be removed through heat from 
reactions that might have occurred overnight, this could therefore possibly change the wet 
and dry density results. The 2nd moistures that were taken for the DCP testing would 
confirm if there was any considerable change in moisture content.   
 
During the slaking process on the 2nd day David was asked if there was any visual way to 
assess the quality of the quicklime being used. David Christain said that during a soil 
stabilisation seminar he had been told by people in the lime stabilisation industry that the 
plume generated by the slaking of the lime was not to do with the quality of the lime but 
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rather the grain size of the lime and the atmospheric conditions on the day. This is contrary 
to the belief of some people who think that the quality of quicklime can be determined by 
the extent of the plume generated. Due to there being no testing conducted to assess the 
quality of the quicklime there was no way of verifying whether the documentation 
submitted by the supplier through the contractor was accurate. It was therefore difficult to 
make any comment on the quicklime being used.   
   
RoadTek (Consulting) also performed additional conformance testing during the week on 
the 2nd section which was stabilised. These test results were also made available.       
3.3.2.2 Widening Section – CH  69450 to CH 72170 RHS (from 
Toowoomba to Dalby) 
The second application of lime was applied to the right hand side of the Warrego Highway 
on the 31st August and 1st September 2005. Laboratory samples were collected after the 
final mixing of the soil and lime. Field density testing was conducted after the completion 
of rolling. In addition to the sand replacement field density testing which is normally 
specified by the Department of Main Roads, Nuclear Gauge Testing was also conducted by 
RoadTek. These tests were completed at depths of 0 - 150mm and 150 – 300mm at four test 
sites. Dry density and wet density ratios were determined by performing Maximum Dry 
Density and Hilf Density Testing. To determine the change in density over time these tests 
were conducted at time delays of 0hrs, 6hrs, 24hrs and 48hrs. Additional testing such as the 
Tray Test and the Heat of Neutralisation Test were also conducted by RoadTek. These tests 
were carried out to determine if the lime application rate was correct and also the mixing 
uniformity of the soil-lime samples.   
 
The Main Roads Herston technicians collected soil-lime samples from test sites ? and ? for 
the following laboratory testing; Capillary Rise and Unconfined Compressive Strength.  
Unconfined Compressive Strength specimens were to have curing periods of 14 days, 28 
days, 1 year and 2 years; 2 specimens were to be cured using the standard curing condition 
and 2 were to be cured using the long term immersion curing condition. 
 
Dynamic cone penetrometer tests were conducted at four test sites by the author with the 
assistance of RoadTek and Herston Main Roads Staff. The DCP tests were performed at an 
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offset of 1m from the field density test location. Three DCP’s, at 1m centres were 
conducted for each time period. Numerous DCP and moisture tests were conducted at the 
test sites over a 24 hour time period.     
3.3.2.3 Q114B -  1978 Insitu California Bearing Ratio: Dynamic Cone 
Penetrometer  
 
The dynamic cone penetrometer was firstly seated 50mm into the subgrade. The 
penetrometer was driven to the required depth into the soil by dropping the hammer on the 
anvil. The depth driven into the soil was recorded for each successive blow. After the 
required test depth was achieved the penetrometer was withdrawn. The test data was 
analysed using RoadTek computer software.  
3.3.2.4 AS1289.5.7.1 – 1993 Hilf density ratio and Hilf moisture variation  
 
The Hilf method is a rapid test method for determining the wet density ratio of site 
compacted material. Soil samples were collected from site after final mixing had occurred. 
The samples were prepared in accordance with AS 1289.1. A portion of the sample was 
prepared at optimum moisture content by either adding moisture, removing moisture or 
leaving the soil as it was. The wet density of the test portion was obtained by compacting 
the sample using standard compactive effort. The converted wet density of the soil was then 
calculated as per clause 4.2 (c) of AS1289.5.7.1. Further sub-samples were then prepared 
wetter or drier than the optimum moisture content and then compacted. This step was 
repeated until points on either side of the optimum moisture content were obtained. The 
converted wet densities were then plotted as converted wet density as ordinate versus the 
moisture increment as abscissa. If a point higher in ordinate value than points to the left and 
right or equal to it were not obtained further specimens were prepared and compacted. 
After this was achieved a smooth parabolic curve was plotted through the points. From this 
curve the coordinates of the peak point were determined and the moisture content 
correction was obtained to the nearest 0.1% from the correction curves in figure 1. The Hilf 
density ratio and moisture variation were then calculated as per clause 5 of AS1289.5.7.1.   
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3.4 RESULTS 
3.4.1 PRELIMINARY TESTING - PRE DESIGN 
 
Laboratory testing was performed by RoadTek Consulting, Toowoomba. Test results were 
provided by David Christain, RoadTek Consulting.  
 
3.4.1.1 Atterberg Limits / Particle Size Distribution 
 
Table 1 Atterberg Limits / Particle Size Distribution 
  
Location 
(Ch. m) 
70300 70500 70500 70500 70800 71300 71800 72650 
Depth 
(m) 
- 0.50 - 1.0 1.1 – 1.5 2.4 – 2.7 - - - 0.0 – 0.15 
Liquid 
Limit 
45.4% 54.6% 64.2% 44.2% 47.6% 40.0% 43.0% 40.4% 
Plastic 
Index 
33.6 34.4 44.6 27.8 35.0 30.2 31.0 23.0 
Linear 
Shrinkage 
16.0% 14.4% 17.2% 10.4% 15.8% 13.6% 15.4% 14.2% 
Grading 
(% pass) 
        
19.0mm 100  100 100 89 100 100  
9.5mm 95  99 99 88 98 98  
4.75mm 94 100 98 99 87 97 98  
2.36mm 93 99 97 99 86 96 97  
0.425mm 90 96 96 98 82 91 93  
0.075mm 68 73 73 58 59 67 66  
 
As can be seen from the above tabulated data all of the tested insitu samples had more than 
25% passing the 75µm sieve and had plasticity indexes of greater than 10.  
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3.4.1.2 California Bearing Ratio 
 
Table 2 California Bearing Ratio 
 
Location 
(Ch. m) 
Depth 
(m) 
CBR MDD 
(t/m3) 
CBR OMC 
(%) Material CBR Value 
73000 - 1.62 21.5 2.5 
71400 - 1.55 24.5 2.0 
70500 - 1.71 18.0 2.5 
70500 0.5 – 1.0 1.57 21.0 2.0 
70500 1.1 – 1.5 1.53 23.5 2.0 
70500 2.4 – 2.7 1.58 19.8 1.5 
 
As can be seen from the above tabulated results the insitu black soil has a minimum CBR 
value of 1.5.  
3.4.1.3 Lime Demand  
 
A summary of the lime demand test results are shown in Table 3. The lime demand test 
showed that the pH value became constant with around 4-5% lime additive.  
 
 
Table 3 Lime Demand   
 
 
Location 
(Ch. m) 
Lime Demand 
(%) 
70300 4 
70500 4 
71400 5 
3.4.1.4 Lime Design Content 
 
Table 4 Lime Design Content  
 
Location 
(Ch. m) 
Target Strength 
(MPa) 
Req. Lime Content  
(%) 
73000 1.5 4.8 
71400 1.5 4.5 
70500 1.5 3.7 
 
From the above results it can be seen that the highest lime content required to achieve the 
target strength of 1.5MPa was approximately 5%.  
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N.B. Atterberg test results were not available for each lime percentage added.  
 
3.4.2 PRELIMINARY TESTING - PRE CONSTRUCTION 
 
3.4.2.1 Particle Size Distribution and Atterberg Limits 
 
Liquid Limit (LL), Plasticity Index (PI) and Linear Shrinkage (LS) tests were performed in 
accordance with Queensland Main Roads test methods, A104A, Q105 and Q106, 
respectively. Atterberg Limit test results are given in Appendix D. The test results show 
that the Liquid Limit was 66% and the Linear Shrinkage was 19.8%. The Plasticity Index 
was 45.4% and the Plasticity Index less than 0.425mm sieve was 4358. Particle Size 
Distribution results show that 82% of the material passed the 75µm sieve.  
 
The Particle Size Distribution (PSD) for sieve sizes 9.5mm to 0.075mm and 0.075mm 
minus were performed in accordance with Queensland Main Roads tests methods Q103A 
and Q103C, respectively. Particle Size Distribution results can be found in Appendix D. 
The below figure is a graphical representation of the test results.  
 
Figure 14 Particle Size Distribution 
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3.4.2.2 Dry Density/Moisture Relationship – Standard Compaction 
 
Dry Density/Moisture Relationships were calculated using Queensland Main Roads test 
method Q110A – 1996 for the insitu black soil and the insitu black soil with 6% hydrated 
lime. As can be seen from the table below, the maximum dry density has decrease 0.102 
t/m3 but the OMC is relatively unchanged.   
 
Table 5 Maximum Dry Density (MDD) and Optimum Moisture Content (OMC) 
 
Additive 
(%) 
MDD 
(t/m3) 
OMC 
(%) 
0 1.506 24.4 
6 1.404 24.2 
 
3.4.2.3 pH Value 
 
The pH test was performed in accordance with Queensland Main Roads test method Q121 
– 1992. The pH value of the insitu black soil was 8.8 
3.4.2.4 Lime Demand 
 
The lime demand test was performed in accordance with Queensland Main Roads test 
method Q133 – 1998. The lime demand of the insitu black soil was 4 % hydrated lime.  
3.4.2.5 Sulphate and Organic Content 
 
The Sulphate and Organic Content tests were performed in accordance with Queensland 
Main Road test methods Q131A and Q120B, respectively. The test report in Appendix 2 
shows that the Sulphate Content and Organic Content of the insitu black soil was 0.03% 
and 5.60%, respectively. The Sulphate Content of the soil was below the recommended 
Queensland Main Roads Testing Protocol (QDMR, undated) value of 0.3% however, the 
Organic Content was not. The Organic Content of the tested sample was 4.6% higher than 
the recommended value of 1%.    
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3.4.2.6 Powder X-Ray Diffraction Analysis 
 
The Powder X-Ray Diffraction Analysis was conducted by the Queensland University of 
Technology (QUT), Brisbane, Australia. The findings of the QUT report are detailed 
below: 
Table 6 Powder X-Ray Diffraction Analysis 
Minerals Clay Analysis* 
Mineral Concentration 
(Wt%)** 
Quartz  48 % 
Calcite  3 % 
Kaolinite Minor 23 % 
Montmorillonite Major 26 % 
* Nominal concentrations. abundant - > 40 wt%, major - > 10 wt%, but <40%, minor - > 
1% but < 10%, trace - < 1% nominal.  
** Normalised – represents a relative abundance. 
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3.4.3 FIELD CONTROL TESTING 
3.4.3.1 Density Ratio’s 
 
Field density testing of the lime stabilised subgrade on the left hand side consisted of sand 
replacement testing, as per Queensland Main Roads test method Q111A. The full depth of 
the subgrade was tested at the following locations: Ch 70350, Ch 70540 and Ch 70750. The 
maximum dry densities of the field samples were determined using Queensland Main 
Roads test method Q110A, Dry Density/Moisture Relationship – Standard Compaction. 
The Dry Density Ratio’s were calculated as per test method Q111C.  
 
Field density testing of the lime stabilised subgrade on the right hand side consisted of both 
sand replacement testing and nuclear density gauge testing. Testing was performed at 
150mm deep and 250mm, however, 150 – 250mm deep data was misplaced for chainages 
70270 and 69952. Laboratory testing consisted of delayed maximum dry density testing 
and Hilf density testing. Comparisons were able to be made between the traditional dry 
density ratio testing and the rapid wet density ratio (Hilf). Verification of the mixing 
uniformity was conducted as per test method Q134, Heat of Neutralisation.    
 
A summary of the test results from the left and right hand sides is detailed in the following 
tables.    
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Table 7 CH72150 & CH71850 – Density Results 
 
  SITE 1 - CH72150, 4m right SITE 2 - CH71850, 4m right 
 Time Lag (hrs) 0 6 24 48 0 6 24 48 
HO
N
 
-
 
M
R
:  
 
 
 
Q1
34
 
-
 
20
01
 
Quick Lime (%) 6.1 6.1 6.1 6.1 4.8 4.8 4.8 4.8 
Zm (%) 2.70 3.50 3.20 3.20 1.10 2.00 2.00 2.80 
Wc (%) 0.40 0.50 0.50 0.50 0.20 0.30 0.40 0.50 
Wv (%) 3.10 4.00 3.70 3.70 1.30 2.30 2.40 3.30 H
IL
F 
AS
12
89
.
5.
7.
1 
 
19
93
 
PCWD (t/m3) 1.912 1.904 1.910 1.900 1.940 1.920 1.891 1.881 
0-150mm : FWD (t/m3)  1.878 1.878 1.878 1.878 1.887 1.887 1.887 1.887 
150 - 250mm : FWD 
(t/m3)  1.640 1.640 1.640 1.640 1.675 1.675 1.675 1.675 
0 - 250mm : FWD (t/m3)  1.759 1.759 1.759 1.759 1.781 1.781 1.781 1.781 
0 - 150mm : RHD (%) 98.22 98.63 98.32 98.84 97.27 98.28 99.79 100.32 
150 - 250mm : RHD (%) 85.77 86.13 85.86 86.32 86.34 87.24 88.58 89.05 SR
 
-
 
 
M
R
:Q
11
1A
-
19
96
 
0 - 250mm : RHD (%) 92.00 92.38 92.09 92.58 91.80 92.76 94.18 94.68 
OMC (%) 22.6 23.2 22.7 23.4 22.6 23.5 23.5 25.4 
M
DD
 
-
 
M
R
:Q
11
0A
 
 
 
 
19
96
 
MDD (t/m3) 1.620 1.612 1.620 1.604 1.590 1.585 1.559 1.540 
0-150mm : FDD (t/m3)  1.570 1.570 1.570 1.570 1.556 1.556 1.556 1.556 
0-150mm : MC (%) 19.6 19.6 19.6 19.6 20.6 20.6 20.6 20.6 
150 - 250mm : FDD 
(t/m3)  1.366 1.366 1.366 1.366 1.383 1.383 1.383 1.383 
150 - 250mm : MC (%)  20.1 20.1 20.1 20.1 21.1 21.1 21.1 21.1 
0 - 250mm : FDD (t/m3)  1.468 1.468 1.468 1.468 1.470 1.470 1.470 1.470 
0 - 250mm : MC (%)  19.85 19.85 19.85 19.85 20.85 20.85 20.85 20.85 
0 - 150mm : RD (%) 96.91 97.39 96.91 97.88 97.86 98.17 99.81 101.04 
150 - 250mm : RD (%) 84.32 84.74 84.32 85.16 86.98 87.26 88.71 89.81 
SR
 
-
 
 
M
R
:Q
11
1A
-
19
96
 
0 - 250mm : RD (%) 90.62 91.07 90.62 91.52 92.42 92.71 94.26 95.42 
0 - 125mm : FDD (t/m3)  1.499 1.499 1.499 1.499 1.505 1.505 1.505 1.505 
0 - 125mm : MC (%) 22.3 22.3 22.3 22.3 23.8 23.8 23.8 23.8 
0 - 225mm : FDD (t/m3)  1.436 1.436 1.436 1.436 1.456 1.456 1.456 1.456 
0 - 225mm : MC (%) 24.3 24.3 24.3 24.3 24.5 24.5 24.5 24.5 
0 - 125mm : RD (%) 92.53 92.99 92.53 93.45 94.65 94.95 96.54 97.73 
N
D
G
 
–
 
 
AS
12
89
.
5.
8.
1 
 
19
95
 
0 - 225mm : RD (%) 88.64 89.08 88.64 89.53 91.57 91.86 93.39 94.55 
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N.B.:  For some unknown reason there has been confusion in the chaingae of site 2. Reports 
generated by RoadTek list site 2 as CH71746, however during DCP testing the chainage 
was recorded as CH71850. The data is believed to be correct as field density and DCP 
testing were conducted at the same time.    
 
Table 8 CH 70270 & CH 69952 – Density Results 
 
  SITE 5 - CH70270, 4m right SITE 6 - CH69952, 4.2m right 
 Time Lag (hrs) 0 6 24 48 0 6 24 48 
HO
N
 
-
 
M
R
: 
Q1
34
 
–
 
20
01
 
Quick Lime (%) 4.0 4.0 4.0 4.0 5.9 5.9 5.9 5.9 
Zm (%) 1.50 2.20 2.00 2.80 0.80 1.20 2.00 2.00 
Wc (%) 0.30 0.40 0.40 0.50 0.20 0.20 0.40 0.40 
Wv (%) 1.80 2.60 2.40 3.30 1.00 1.40 2.40 2.40 H
IL
F 
 
AS
12
89
.
5.
7.
1 
 
 
 
 
 
 
 
 
 
 
 
 
19
93
 
PCWD (t/m3) 1.928 1.920 1.890 1.890 1.895 1.890 1.877 1.864 
0-150mm : FWD (t/m3)  1.801 1.801 1.801 1.801 1.973 1.973 1.973 1.973 
S.
R
.
 
 
 
 
M
R
:Q
11
1A
 
 
 
 
 
 
 
 
 
 
 
 
 
19
96
 
0 - 150mm : RHD (%) 93.41 93.80 95.29 95.29 104.12 104.39 105.11 105.85 
OMC (%) 24.6 24.3 25.6 25.6 25.0 25.6 26.4 26.4 
M
DD
 
 
M
R
:Q
11
0A
 
 
 
 
 
 
19
96
 
MDD (t/m3) 1.570 1.573 1.538 1.537 1.520 1.522 1.515 1.508 
0-150mm : FDD (t/m3)  1.462 1.462 1.462 1.462 1.603 1.603 1.603 1.603 
0-150mm : MC (%) 23.2 23.2 23.2 23.2 23.1 23.1 23.1 23.1 S.R
.
 
 
 
 
 
M
R
:Q
11
1A
 
 
 
 
 
 
 
19
96
 
0 - 150mm : RD (%) 93.12 92.94 95.06 95.12 105.46 105.32 105.81 106.30 
0 - 125mm : FDD (t/m3)  1.407 1.407 1.407 1.407 1.502 1.502 1.502 1.502 
0 - 125mm : MC (%) 26.2 26.2 26.2 26.2 27.1 27.1 27.1 27.1 
0 - 225mm : FDD (t/m3)  1.369 1.369 1.369 1.369 1.445 1.445 1.445 1.445 
0 - 225mm : MC (%) 26.9 26.9 26.9 26.9 27.5 27.5 27.5 27.5 
0 - 125mm : RD (%) 89.62 89.45 91.48 91.54 98.82 98.69 99.14 99.60 
ND
G
 
 
 
 
 
AS
12
89
.
5.
8.
1 
 
 
 
19
95
 
0 - 225mm : RD (%) 87.20 87.03 89.01 89.07 95.07 94.94 95.38 95.82 
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Table 9 CH 70270 & CH 69952 – Density Results 
 
  
CH70350 
3.5m Left 
CH70540 
4.0m Left 
CH70750 
5.0m Left 
OMC (%) 26.0 20.9 23.2 
M
DD
 
M
R
:Q
11
0A
 
 
19
96
 
MDD (t/m3) 1.527 1.672 1.577 
0 - 250mm : FDD (t/m3) 1.493 1.664 1.570 
0 - 250mm : MC (%) 23.00 19.20 21.70 S.R
 
.
 
M
R
:Q
11
1A
 
19
96
 
0 - 250mm : RD (%) 97.80 99.50 99.60 
 
3.4.3.2 Dynamic Cone Penetrometer Testing 
 
The strength gain of the lime treated subgrade was established by using the Dynamic Cone 
Penetrometer test to determine the insitu California Bearing Ratio. The test was performed 
over time intervals in accordance with Queensland Main Roads test method Q114B. 
Samples of the insitu material were taken at the time of the test to verify moisture contents.  
 
To determine the insitu CBR strength of the underlying material the initial test was 
performed to a depth of 600mm below top of subgrade. As can be seen from the DCP 
results in Appendix E, the insitu CBR values varied throughout the depth of insitu material 
tested. For this reason the CBR values of the top 150mm and bottom 100mm of subgrade 
were averaged. The change in CBR values and moisture contents for the various locations 
can be seen below. 
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3.4.3.2.1 CH 70750  
 
Figure 15 CH70750 - Change in CBR value with depth   
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Table 10 CH70750 - Change in CBR value with depth   
 
 Offset 5L 4L 6L 
 
Time 
Lag 
(hrs) 
Depth 
(mm) CBR CBR CBR 
Moisture 
Content 
(%) 
75 16 14 17 
200 10 12 12.5 
21.7 
325 9.5 7 12.5 
  
0.75 
500 12.5 9 19.5 
  
75 23.5 15 14.5 
2.25 
200 15 14 9.5 
  
75 23 27 21 
17.33 
200 14.5 13.5 18 
21.3 
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3.4.3.2.2 CH 70540 
 
Figure 16 CH70540 - Change in CBR value with depth   
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Table 11 CH70540 - Change in CBR value with depth 
 
 Offset  3.5L 4.5L 5.5L  
Time Lag 
(hrs)  Depth (mm) CBR CBR CBR 
Moisture 
Content 
(%) 
75 14 16 14 
200 8.5 12 10 
19.2 
325 7.5 8 13.5 21.1 
1.917 
500 8.5 6 15 26.2 
75 13 19 14 3.00 
200 9.5 16 12 
  
75 21 22 16 18.333 
200 12 16.5 15 
20.2 
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3.4.3.2.3 CH 70350 
 
Figure 17 CH70350 - Change in CBR value with depth   
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Table 12 CH70350 - Change in CBR value with depth   
 
 Offset 3.5L 4.5L 5.5L  
Time 
Lag 
(hrs)  
Depth 
(mm) CBR CBR CBR 
Moisture 
Content 
(%) 
75 14 16 17 
200 11.5 12 13 
23 
325 8 9.5 13.5 22.4 
2.167 
500 9.5 15 23 26.4 
75 17 16.5 18.5 2.83 
200 11 14 11 
  
75 18 20.5 20 18.25 
200 12 17 16.5 
22.8 
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3.4.3.2.4 CH 72150 
 
Figure 18 CH72150 - Change in CBR value with depth   
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Table 13 CH72150 - Change in CBR value with depth   
 
 Offset 4R 5R  
Time Lag 
(hrs) Depth (mm) CBR CBR 
Moisture 
Content (%) 
75 8.5 17 19.6 
200 8.5 17 20.1 
325 4.5 17 21.4 
0.33 
500 4.5 17 24.2 
75 19 35.5 
17.83 
200 14.5 22.5 
18.2 
75 17 25  
21.83 
200 15 20  
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3.4.3.2.5 CH70270 
 
Figure 19 CH 70270 - Change in CBR value with depth   
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Table 14 CH 70270 - Change in CBR value with depth   
 
 Offset  4R 5R 6R  
Time 
Lag 
(hrs)  
Depth 
(mm) CBR CBR CBR 
Moisture 
Content 
(%) 
75 10 17.5 10 23.2 
200 8.5 13 10 22.2 
325 7.5 11.5 10.5 23.9 
0.17 
500 7 15 11 23.5 
75 13 25 14 21.33 
200 11 16.5 14 
25.9 
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3.4.3.2.6 CH71850 
 
Figure 20 CH71850 - Change in CBR value with depth   
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Table 15 CH71850 - Change in CBR value with depth   
 
 Offset  6R 5R 4R  
Time 
Lag 
(hrs)  
Depth 
(mm) CBR CBR CBR 
Moisture 
Content 
(%) 
75 10 15 5.5 20.6 
200 8.5 13.5 5.5 21.1 
325 6 12.5 5.5 22.1 
0.83 
500 13 15 5.5 26.7 
75 15 27 13 18 
200 8.5 19 10 
20.8 
75 18 27 9   21.92 
200 12 20 7.5   
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3.4.3.2.7 CH 69950 
 
Figure 21 CH 69950 - Change in CBR value with depth   
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Table 16 CH 69950 - Change in CBR value with depth   
 
 Offset   4R  5R  6R  
Time 
Lag 
(hrs)  
Depth 
(mm) CBR CBR CBR 
Moisture 
Content 
(%) 
75 9 19 12 23.1 
200 6 10.5 5.5 23.2 
325 5 5.5 4 21.4 
0.17 
500 4.5 6 11.5 22.6 
75 20 25 26 20.33 
200 17 20.2 11 
15.5 
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 3.4.3.3 Unconfined Compressive Strength Testing 
 
Unconfined Compressive Strength samples were taken from the following Chainages;    CH 
70270 and CH 72150. From each test site a total of 20 specimens were sampled; from a 
group of four specimens, 2 were cured using standard curing conditions and 2 were cured 
using long term immersion curing conditions. Of these batches the 14 day and 28 day 
specimens have been tested. The 6 month, 1 year and 2 year specimens are still curing. 
Results received to date are included in Appendix E. The average 14 and 28 day standard 
curing strengths for CH 70270 and CH 72150 were 0.79MPa, 1.03MPa and 0.59MPa, 
0.77MPa, respectively. The 28 day long term immersion curing strengths for CH 70270 and 
CH 72150 were 0.86MPa and 0.64MPa, respectively. From these results it can be seen that 
the target 28 day strength of 1.5MPa was not achieved.  
 
Due to there being no long term immersion strengths available for the 14 day test, the 
below figure depicts the 14 and 28 day standard curing strengths only.  
 
Figure 22 Unconfined Compressive Strength Testing 
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3.5 DISCUSSION 
3.5.1 PRELIMINARY TESTING – PRE DESIGN 
 
Particle Size Distribution and Atterberg Limit testing showed that the insitu soil had greater 
than 25% of material passing the 75µm sieve and that it had a plasticity index of greater 
than 10. As per the Austroads design guidelines for stabilisation (Austroads, 1998) lime 
stabilisation is suitable for soils that have a plasticity index of greater than 10. The 
preliminary investigations prior to the design confirmed that the soil within the Dalby 
Project site was suitable.  
 
Particle Size Distribution testing showed that the Dalby soil was very fine, with generally 
more than 60% of the soil passing the 0.075 mm sieve. The linear shrinkage of the soil was 
moderate compared to the grading and plasticity results. The soil had a maximum linear 
shrinkage of 17.2%, which is not particularly high as some clay materials have linear 
shrinkages of up to 30%. However, the soil exhibited poor strength characteristics. Test 
results show that the material had a minimum California Bearing Ratio of 1.5. The CBR 
results further confirmed the requirement for lime stabilisation.  Note that the lowest 
subgrade CBR value used in the pavement design charts of the Austroads Pavement Design 
Manual (Austroads, 2004) is two.  
 
Lime Demand testing revealed that a lime content in the range of 4 to 5 percent was 
required to elevate and stabilise the soil pH level. UCS testing further confirmed that a lime 
content of 5 percent was required to achieve the target design strength of 1.5MPa.  To allow 
for losses and field mixing variations a design strength of 6% hydrated lime was adopted. 
Using a conversion factor of 0.757, 6% hydrated lime equates to 4.5% quicklime.  
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3.5.2 PRELIMINARY TESTING – PRE CONSTRUCTION 
 
The particle size distribution and atterberg limit testing reconfirmed the poor subgrade 
properties. The soil tested during the pre construction preliminary testing had a higher 
percentage of material passing the 0.07mm sieve. This was approximately 10 percent more 
than the maximum percentage recorded during the pre design preliminary testing. The 
liquid limit, plasticity index and linear shrinkage results were also higher. They were 66%, 
45.4% and 19.8% compared to maximum values of 64.2%, 44.6% and 17.2%. As per table 
5.2 in the Austroads Pavement Design Manual (Austroads, 2004) the liquid limit and 
plasticity index values classify the subgrade as a moderate expansive clay. The presence of 
the major clay mineral being Montmorillonite also suggested that the soil would be a 
suitable candidate for lime stabilisation.  
 
Deleterious material testing was conducted to further characterise the soil. It was unknown 
whether deleterious material testing was conducted during the pre design stage. Testing 
revealed that the sulphate content of the soil was below the recommended limit of 0.03%. 
However, the organic content was found to be 5.6%, slightly higher than the recommended 
maximum limit.  Little suggests in his 1995 book that organic content effects may be 
overcome with the addition of higher percentages of lime. This was thought to be the case 
as UCS testing during the pre design stage confirmed that 5% of lime was required to 
achieve the target strength of 1.5MPa. 
 
Density testing was conducted to determine what effect the designed lime content had on 
the maximum dry density and optimum moisture content of the insitu soil. Usually the 
maximum density of the soil will decrease with increasing amounts of lime, while the 
optimum moisture content will increase. Upon testing it was observed that the maximum 
dry density decreased from 1.506t/m3 to 1.404t/m3 but the optimum moisture content 
slightly decreased by 0.2%. However, this could be due to human error. Prior to 
determining the maximum dry density and the optimum moisture content a curve has to be 
fitted to the density and moisture content data. Different operators can interpret curves 
differently and this can therefore lead to different MDD and OMC results.     
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A pH test of the soil showed that the insitu black soil had a pH level of 8.8. Further pH 
testing was conducted to determine the lime demand of the soil. Results confirmed that 4% 
of hydrated lime was required to elevate and stabilise the pH. Due to time constraints it was 
not possible verify that design lime content of 6% hydrated lime could achieve the target 
strength of 1.5MPa. Testing conducted during the pre design and construction stages 
satisfied the design requirements of the Queensland Main Roads Testing Protocol for Lime 
Stabilisation. 
3.5.3 FIELD CONTROL TESTING 
 
3.5.3.1 Density Ratios 
 
Two methods of field density testing were carried out in 4 locations. They were the sand 
replacement and nuclear density methods. However, the nuclear gauge results have not 
been analysed. This is due to the fact that there was limited data available to calibrate the 
nuclear gauge. Density ratios were determined using both the Hilf Density Method 
(AS1289.5.7.1) and the Dry Density Method (Q110A). A comparison of the density ratio 
results at zero hours is shown in Table 17. It can be seen from the results that there is a 
difference of approximately +/- 1.5%. Table 18 shows a comparison between moisture 
variations of the two methods. It can be seen that at CH 72150 that the Hilf Density Method 
suggested that 3.10% moisture needed to be added to achieve optimum moisture and the 
traditional dry density method suggested that between 2.5% and 3% moisture needed to be 
added. The moisture variation between the two methods is -6% and +0.9%.  
 
Generally there is an even scatter of results between the two methods. On some occasions 
the Hilf Density Method gave density ratios that were higher than the traditional dry density 
method but on other occasions they were lower. The same can be said for the moisture 
variations. The reason for the difference may be related to human error. Different operators 
can interpret moisture – density curves differently, thereby giving different maximum 
densities and optimum moisture contents. There can also be a variation in how specimens 
are compacted. On some occasions the compaction hammer might not be dropped from the 
correct level or the number of hammer blows might be incorrect. All of these problems can 
affect the density of specimens, thereby altering the shape of the moisture – density curve.   
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Table 17  Density Ratio Comparison (%) – Zero Hours 
 
Depth CH 72150 CH 71850 CH 70270 CH 69950 
0 – 150 -1.31 0.59 -0.29 1.34 
150 – 250 -1.45 0.64 NA NA 
0 – 250 -1.38 0.62 NA NA 
 
Table 18 Moisture Comparison (%) – Zero Hours 
 
 
 CH 72150 CH 71850 CH 70270 CH 69950 
Depth 
Hilf 
Density 
Method 
Dry 
Density 
Method 
Hilf 
Density 
Method 
Dry 
Density 
Method 
Hilf 
Density 
Method 
Dry 
Density 
Method 
Hilf 
Density 
Method 
Dry 
Density 
Method 
0 - 150 3.10 3.0 1.30 2.0 1.80 1.40 1.00 1.90 
150 - 250 3.10 2.5 1.30 1.50 1.80 NA 1.00 NA 
0 - 250 3.10 2.75 1.30 1.75 1.80 NA 1.00 NA 
 
 
In addition to the different density methods that were trialed during the course of the lime 
stabilisation project, delayed laboratory density testing was also conducted. A graphical 
representation of the results is shown in Figures 18 and 19. Generally the density ratios 
have increased over time; however, there are some instances where the dry density ratio has 
decreased. This was believed to have been caused by human error during specimen 
compaction and during the determination of moisture – density curves. Delayed density 
results indicate that the maximum densities decrease with time. This has therefore led to an 
increase in density ratios.   
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Figure 23 Hilf Density Ratio 
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Figure 24 Dry Density Ratio 
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3.5.3.2 Dynamic Cone Penetrometer Testing 
 
The decision to conduct 3 DCP tests at each location was based on the reasoning that the 
determination of California Bearing Ratios by dynamic cone penetrometer testing can be 
highly subjective. There are a range of factors that can influence CBR values. Some of 
which are; moisture, particle size and human error. Drier moisture conditions will promote 
higher CBR values. Soil grading and foreign material can also affect insitu strength testing. 
Although dynamic cone penetrometer testing may be performed in fine grained soil there is 
always a possibility of hitting foreign material. If the tip of the cone hits a large particle 
such as a rock it will resist the driving pressure. Other factors that can affect the CBR value 
are those related to operator error. The hammer may not be dropped from the correct 
height, the rod may be on a lean, the cone may be damaged or the person recording the 
penetration depth may not be taking accurate readings.  
 
As shown by figures in the previous chapter there was a large scatter of results from the 
DCP testing. Due to this reason the results from the 3 tests were averaged. Further more, 
compaction testing revealed variable densities over the sites tested. Theoretically, material 
with higher densities would be expected to achieve higher early strengths and strength 
gains. Again, due to this reason the CBR results were grouped into density ranges for 
analysis. A graphical representation of CBR strength gain over time is shown in figures 24 
and 25. Using excel, logarithmic trend lines were applied to the data.  
 
It can be seen from the trend lines in figure 24 that the lime treated black soil (98% +/- 2% 
RDD) attained strengths of approximately CBR 15 within 5 hours. The excel trend lines 
indicate a strength gain relationship of between 1.5448Ln(x) and 2.719Ln(x), where x is the 
number of hours since final compaction. However, a definitive strength gain relationship 
could not be determined because of the variability of the data. As can be seen in figure 24, 
the trend line of the 97% compacted material at CH 72150 indicates a greater strength gain 
than the 100% compacted material at CH 70540.     
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Due to the fact that only two sets of data in the range of 85% +/-2% RDD were available 
for analysis it was difficult to draw any strength gain relationship. Compound by this was 
the variability of the data. Figure 25 illustrates that the strength gain of the 84% compacted 
material is less than that of the 87% compacted material and there is also a large variation 
between the initial strengths. At 1 hour the 84% compacted material had already attained a 
CBR of 14 where as the 87% compacted material had only attained a CBR of 9.    
 
Although most of the CBR results indicate that CBR 15 has been achieved within 24hrs the 
long term sustainability of this strength is unknown. As stated previously a densely bonded 
matrix is less susceptible to moisture, and has improved resistance to carbonation, leaching 
of lime or erosion (Main Roads Testing Protocol). Due to the fact that some of the locations 
tested did not achieve the specified compaction it is unknown whether the material will be 
susceptible to lime leaching. If lime leaching were to occur then there could be a reduction 
in strength. However, research that has been conducted by Eades and Grim (1960) and 
Kennedy (1988) indicates that “pozzolanic reaction products are permanent” (Little 1995). 
Further material testing would be required to determine the effects of density deficiency.   
 
Figure 25 Change in CBR value over time : 98% +/- 2% RDD :  
y = 2.0347Ln(x) + 11.729
y = 1.5448Ln(x) + 13.315
y = 2.719Ln(x) + 15.933
y = 2.0468Ln(x) + 14.386
y = 2.5074Ln(x) + 10.66
5
7
9
11
13
15
17
19
21
23
25
27
29
31
0.1 1 10 100
Time (hrs)
CB
R 
Va
lu
e
CH 72150 - 75mm, RD=97% CH 71850 - 75mm, RD=98%
CH 70350 - 125mm, RD=98% CH 70540 - 125mm, RD=100%
CH 70750 - 125mm, RD=100% Log. (CH 70540 - 125mm, RD=100%)
Log. (CH 70350 - 125mm, RD=98%) Log. (CH 72150 - 75mm, RD=97%)
Log. (CH 70750 - 125mm, RD=100%) Log. (CH 71850 - 75mm, RD=98%)
 
Figure 26 Change in CBR value over time : 85% +/- 2% RDD 
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3.5.3.3 Unconfined Compressive Strength Testing 
 
Unconfined compressive strength results from the 2nd widening section have revealed that 
there may be a problem with the long term strength of the lime stabilised subgrade. At 28 
days the long term immersed specimens had only attained average strengths of 0.86MPa 
and 0.64MPa. The 28 day average strength results for the standard cured specimens were 
1.03MPa and 0.77MPa. Therefore the 28 day design strength of 1.5MPa was not achieved.  
 
The reason for the strength deficiency is unknown. The lime application was verified at the 
time of spreading and heat of neutralisation results also confirm that the lime application 
was correct. Field and laboratory density test results show that the material was dry at the 
time of compaction. It is possible that this may have hindered the strength gain due to 
insufficient moisture being available for ongoing pozzolanic reactions.   
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4.0 CONCLUSIONS 
 
4.1 ACHIEVEMENT OF PROJECT AIMS 
 
Queensland has a large road network which is made up of both rigid and flexible pavement 
types. Although new pavements are usually designed for a life expectancy of 20 years the 
presence of poor subgrade materials can influence both the durability and life of these 
pavements. Many councils and governments use stabilisation to improve the load bearing 
capacity and/or stability of poor subgrade materials. There are numerous guides and design 
manuals available to assist designers with the design of stabilised pavements. Over the past 
50 years there has been a lot of research into stabilisation; however, problems still exist 
with both cement and lime stabilisation and research is ongoing.   
 
Cement stabilised pavements tend to have a short working time of 1-2 hours which can 
hinder the compaction and trimming stages of construction. In addition to this, there exists 
a tendency for cement stabilised pavements to crack. In recent times these problems have 
been overcome by using supplementary cementitious materials such as fly ash and slag. 
The incorporation of the slow setting cementitious materials has improved the workability 
and apparent shrinkage of cement stabilised materials. There are numerous sources of 
literature available to assist designers with the selection of the most appropriate 
supplementary cementitious material.  
 
Due to the failure of numerous projects in Queensland during the late 70’s doubt fell upon 
the effectiveness of lime stabilisation. Now, some 20 years later support has again grown. It 
is now accepted that small quantities of lime may only promote soil modification and that 
soil improvements may be reversible when subject to changes in moisture. New lime 
stabilisation testing procedures have now been adopted to determine the optimum lime 
content. These procedures have been trialed during numerous lime stabilisation projects 
with success. Even though industry is now more comfortable with the lime stabilisation 
process there are still problems with conformance testing and determining strength gain.  
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There is a current industry conception in the Southern District of Queensland Main Roads 
that delayed testing contributes to low compaction results. However, this philosophy has 
now been proven to be incorrect. The maximum dry density of lime treated soil actually 
decreases with time. This therefore increases the relative dry density ratio. In addition to the 
dry density testing which was conducted, the viability of Hilf Density Testing was also 
investigated. A comparison of the two methods showed that Hilf Density Ratios were +/- 
1.5% of the Relative Dry Density Results.    
 
The conformance of lime stabilised pavements is currently based upon density testing. 
However, there have been many instances in the Southern District of Main Roads where the 
specified densities have not been achieved and the reasons for this are unknown. Recently, 
DCP testing has been included in specifications for lime stabilisation projects. Results from 
DCP testing have revealed that lime stabilised black soils can generally achieve strengths of 
CBR 15+, 5 hrs following final compaction.  
4.2 FURTHER WORK 
 
 
It is suggested that research should be continued into the determination of a strength gain 
relationship for lime stabilised black soils. It is also recommended that a lot more sites be 
tested and that testing should be carried out over a longer period. With more data it may be 
possible to isolate any anomalies and exclude them from the analysis.  
 
It is also suggested that an investigation should be carried out to determine whether 
insufficiently compacted lime stabilised black soils are susceptible to lime leachate damage. 
If it is confirmed that lower than specified densities do not affect the long term strength and 
performance of lime stabilised black soils, then there may be a greater acceptance towards 
strength testing. Industry may then become more comfortable with using strength as the 
main method for determining conformance.    
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Appendix B – Contract Drawings 
 
  
 
  
  
 
  
  
 
 
 
 
 
 
 
 
 
 
Appendix C - Preliminary Testing (Pre Design)
  
Warrego Highway (Bowenville – Dalby) 
Project No. 67/18B/305 
 
Results for insitu subgrade material ("black soil"). 
 
Location (Ch. m) 70300 70500 70500 70500 70800 71300 71800 72650 72970 73000 
Depth (mm) - 500 – 1000 1100 - 1500 2400 - 2700 - - - 00 – 150 00 – 150 00 – 150 
Liquid Limit 45.4% 54.6% 64.2% 44.2% 47.6% 40% 43% 40.4% 33.8% 40.6% 
Plastic Index 33.6 34.4 44.6 27.8 35 30.2 31 23 17.8 23.4 
Linear Shrinkage 16% 14.4% 17.2% 10.4% 15.8% 13.6% 15.4% 14.2% 11.4% 15.2% 
Grading % pass. % pass % pass % pass % pass % pass % pass    
19.0mm 100  100 100 89 100 100    
9.5mm 95  99 99 88 98 98    
4.75mm 94 100 98 99 87 97 98    
2.36mm 93 99 97 99 86 96 97    
0.425mm 90 96 96 98 82 91 93    
0.075mm 68 73 73 58 59 67 66    
 
  
  
 
  
  
  
 
  
  
  
  
  
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix D - Preliminary Testing (Pre Construction) 
  
  
  
  
 
  
  
  
  
  
  
 
 
 
 
 
 
 
 
 
 
Appendix E – Field Testing 
 
  
  
  
  
  
  
  
 
  
 
  
  
  
  
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
